TDA Progress Report 42-69 : March and April 1982

Analysis of Capacitive Heat Exchangers
Partll

D. Schonfeld
DSN Engineering Section

The performance of a simple capacitive heat exchanger is analyzed. The shooting
method for solving the governing equations is presented in detail. Simplified linear and
nonlinear models are analyzed using this method and it is shown that capacitive heat
exchangers are more efficient than conventional ones.

l. Introduction

Heat exchangers are important components of most industrial facilities. In the Deep Space Network they have many uses
ranging from the heat exchangers that serve the hydrostatic oil bearings to those employed in the heating, ventilating and air
conditioning system. Because of the large number of heat exchangers that exist throughout the DSN and because of the vital
functions that they perform, it is desirable to seek improvements in their performance. To this end, the Advanced Engineering
Group of the DSN Engineering Section is continuously investigating advanced concepts in heat exchangers.

The focus of one such investigation has been to analyze the theoretical performance of capacitive heat exchangers. These are
two-phase, counter flow units, consisting of a stream of initially “hot” particles falling through an ascending stream of *“‘cold” gas.
The particles may be either solid or they can be liquid droplets. The potential advantages of such an arrangement are threefold.
First, the two streams are in direct contact with each other. This eliminates the resistance to heat transfer which occurs when the
hot and cold streams are separated by a tube wall. Second, the contact area between the two streams is greatly magnified because
the heat exchange takes place on the entire surface of each particle. Finally, friction between the two streams is less than when a
solid interface is present.

The equations that govern the heat transfer in such a heat exchanger have been laid out in Part I of this article (Ref. 1). It was
pointed out that the equations were based on some simplifying assumptions, assumptions which were necessary because of the
complexity of the physical phenomena that occur in capacitive heat exchangers. In particular it was assumed that:

(1) The flow can be considered as one-dimensional and steady.

(2) The discrete phase is composed of identical spherical particles of volume ¥,.! The volume fraction occupied by the
particles, k, i assumed to be small and therefore the interactions between particles can be neglected.

LA list of symbols appears at the end of the article.
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(3) The force interaction between the two streams is due to the drag between them and to gravitational and buoyancy effects.
Electric and spin forces are neglected.

(4) Radiative heat transfer can be neglected, convection being the main mode of heat transfer between the spheres and the gas.

Following these assumptions, the governing laws for a capacitive heat exchanger were shown to be represented by a set of 13
equations and-13 unknowns. This set is reproduced in Table 1.

In this second part of the report, the main purpose is to present methods for solving the equations and to discuss the results
obtained. The methods of solution are numerical in nature and their application necessitates a careful look at the equations. For
example, these numerical methods require parameterization and taking the derivative of complicated functional relationships.
Part II also presents a sensitivity analysis of the equations. In addition some clarifications are made to Part I of the paper. Finally,
the performance of capacitive heat exchangers is compared to that of conventional counterflow exchangers and areas of future
investigation are sketched out.

il. The Boundary Value Problem and Methods of Solution
A. The Normalized Equations

The equation set given in Table 1 consists mainly of conservation equations for mass, momentumi and energy. In each of these
pairs, the first equation represents conservation of the continuous phase and the second represents conservation of the dispersed
phase. In addition, functional relationships are needed for the viscosity coefficient, the heat capacities of the two phases, and for
the dispersed phase density. All these relationships are functions of the respective phase temperature. The state equation and two
empirical correlations which are needed for the drag coefficient and for the Nusselt numbers complete the set. The last two
equations are based on experiments reported in the literature (Refs. 2, 3). The initial equations chosen are:

NNu = (1_14 . 10—3) * (ND VD)-0.5984 (NRe)0.8159 (1)

= -0.84
T, = 210N )

The coefficients in these relations, especially for the drag equation have been known to vary greatly from one investigation to.
another.

It was pointed out in Part I that in order to solve the system of equatations there must not be any derivative implicitness. This

means that one must be able to write the equations such that only one derivative occurs in each equation. In Part I it was
suggested that this can be accomplished by assuming that

dN b
—— = constant
dy

which is equvalent to

= L
N, = D|y=0 (1+eH)

However, this assumption is not the only one that can eliminate derivative implicitness. Instead, it is simpler to assume that p, is
a constant. Physically this is plausible because the density of the particle material will not change substantially within the
temperature ranges of the problem. This is especially so when the particle material is a silicate such as the glass used in the model.
From a mathematical point of view, the assumption that g, is a constant reduces the number of unknowns and therefore the
number of equations in the set. At the same time, the derivative implicitness is also eliminated.
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Before the equations are solved, it is first necessary to normalize them. This is important when comparisons are made with a
standard heat exchanger and when sensitivity analyses are to be performed. In these cases, normalization can unify the results by
relating them to common and dimensionless scales. For the problem at hand, one must normalize with respect to known
quantities. Thes¢ known quantities are the values that the variables take at the boundaries of the heat exchanger. For the counter
flow configuration studied here, it seems reasonable to assume that the magnitude of some of the variables is known only at one
end of the heat exchanger, while the magnitude of the other variables is known at the other end. For example, it is logical to
assume that one knows the entering air temperature but not the exit temperature. Conversely, the temperature of the beads may
be known at the top, but not at the bottom of the heat exchanger (Fig. 1).

The normalized variables are given in Table 2. Note that in the case of velocities and temperatures, only the dispersed phase is
used for normalization, even though the values that the continuous phase variables take at the bottom of the heat exchanger are
also known, e.g., T,, at y = 0. However, in these cases, by using only the values of the dispersed phase, the normalized equations
become simpler. Note also that, together with p; a constant, it was also assumed that ¢, c and Cp,, are also constant; the physical
justification for all these assumptions is the same. The gravitational acceleration is normalized by its value at sea level g, and
for all practical purposes g* = 1. The density and the pressure of the continuous phase can be normalized differently than shown
in Table 2. For example, one can set p” = p/(1/2 pcvé) and o= pC/pD. These formulations, when tried out, yield very com-
plicated algebraic equations and create serious scaling problems in the boundary conditions. Scaling problems such as these can
prevent the convergence of the numerical solution. Finally, by using correlations of the form

Ny = mW, V)" N, €]

and

?d_ = aNfae @

one obtains the following set of dimensionless equations:

dV* p* *
c C D
= (g (1-0, N£)>+;;:(V‘c(1-al Np) - > @ peve) = 0 (5)
dN" av’.
Vet Ny == 0 ©)
a - dy
d* » * »* *l * b N*
» e dp 1 _ G 3 b pCIVC_VD 'p D, » * * *
Ve * + 07 * # * 1 02—"§£Z01 %3 # * (vC—VD) IvC'-VD| (7)
dy &y \re (1~ o ND M 'p
av Py R b R Rl Y Ry
D _3 ¢ ‘¢ 'p''p ' cNeT'p e D
v; - =—8~aag - (1‘01N;)°s - -az(l—ospz.) ®)
dy [ h
q
U PN PN N i AL A AT A
04 Pe e Peo dy* '—7}‘*2 1-0 N* 3 /-1* (TD-.TC) ®
D 19D c
dT* k* pue |V* v Ir* q
* D _ 3% * A %c''¢”"'p''D K
04 VD r . —-Q-—qm(ol ND)n Og [ — (TC_TD) (10)
ly ’p Ko _ .
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'Ic

M
dp* e AT,

g i + (11)
9 dy dy* dy*
Ho =B T+, (12)
ko =B, TptB, (13)

The o’s are dimensionless quantities that are made up of constants and boundary values. They are defined as follows

=4 e3.3
o, =g ury H ND|y=H (14)
g,
0y =T (15)
VD|y=H

20c0l20 Vplyeg H
0. = Cly=0 "D 'y=H (16)

_ pC'Iy:O VD |y=HCPD H

o, 17)
kClTD(H)
pcly=o
0, = ——-———y2 (18)
Pcly=0 VD ly=p
pC] =
0y = =0 (19)
pD
. Pl (20)

0 =
2 pC‘y:ORTDIy::H

Two of these quantities are easily recognizable, o, is in the form of a Reynolds number-and o, in the form of a reciprocal Froude
number. The first quantity, o,, represents the volume fraction «, occupied initially, i.e., at y = H by the particles.o, and o4 result
from the way the variables are normalized. The last two equations, (19) and (20), are approximations to the actual functional
relationships. The data for these relationships is illustrated in Figs. 2 and 3 (Ref. 4). The values for the constants are

B, = 2.004 8, = 03710

0.1133

B, = 0.8994 8,
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and, to simplify the notation

V; Iy:H = VZ(H); T;)ly:H = TB(H);Ng |y=H = N;)(H) (21)

Vely=o = Vo0 Tgly=o = Te(0)hcly=o = PC(0);iPly=o = c(0) (22)

B. The Shooting Method

Equations (5) through (13), together with boundary conditions (21) and (22) form a two-point boundary value problem. When
dealing with a system of » first order differential equations, the classical form of a two-point boundary value problem is

y; =1 G Pgree ¥ s i51L,2,...,n (23)
Y, () =C, i=1,2...,r 24
yim(tf =Cim, m=1,2,...,n-r (25)

In this system, y,, ¥,,..., ¥, are the dependent variables and ¢ is the independent variable; f; can be either a linear or a
nonlinear function. The boundary conditions are separated here into initial conditions (24) and final conditions (25).

For a linear system of equations, analytical solutions can be found relatively easily. Such simple systems can be written as
y=4y (26)

where y is the vector Yidoreo s Py The analytical solution consists of finding the eigenvalues and eigenvectors of A and then of
constructing the matrix e"?i. The boundary conditions are then applied to yield the complete solution. When the equations are
nonlinear, such as in the present case, the system can no longer be written as in Eq. (26) and, generally, numerical methods must
be used to solve the problem. These methods are of two types: finite differences and shooting methods.

Finite difference methods basically replace the derivatives by finite differences; this has two important practical results. First,
the ordinary differential equations are converted into a set of algebraic equations. Second, at the boundaries of the domain of
interest, the boundary conditions are directly incorporated into the equations. Thus, finite difference methods have the advantage
that they “hold” the entire solution at once. When the original differential equations are nonlinear, the resulting algebraic finite
difference equations are also nonlinear. Theoretically, this does not present a problem as these algebraic equations can be solved
by standard techniques such as the Newton-Raphson method. However, finite difference solutions of nonlinear boundary value
problems do have certain disadvantages. The main problem with the Newton-Raphson method is to find a good starting guess.
Therefore, when a reasonably good initial estimate for the y vector is not available or when the equations are strongly nonlinear,
the finite differences method may not converge or may not give a unique solution (Refs. 5, 6).

An alternative to finite differences is the so-called shooting method (Refs. 6, 7, 8). The main idea behind the method is
illustrated in Fig. 4. The missing conditions at one of the boundary points (Point “a” in the figure) are assumed and the equations
are then integrated forward toward the other boundary point (Point “b” in the figure). When the solution reaches this “end”
boundary point, it is compared to the actual conditions there, the initial guesses are adjusted and the problem is solved again. If
the solution of the equation is well behaved, it is possible to use a linear interpolation for the missing initial conditions. Thus, a
systematic computational scheme can be devised so that after an initial bracketing of the “target,” the next “shots” land closer
and closer to it until a specified tolerance is reached. Therefore the shooting method reduces the boundary value problem to a
repeated iteration of an initial value problem. In general, such shooting solutions are faster than finite ones,
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The method described above is called simple shooting and it too can have certain disadvantages. The main problem is that,
quite often, “the differential equations are so unstable that they “blow up” before the initial value problem can be completely
integrated. This can occur even in the face of extremely accurate guesses for the initial values” (Ref. 9). For such cases, an alterna-
tive procedure has been devised which is a sort of compromise between the simple shooting and the finite differences method.
This is the multiple shootings method and will be the one used in the present case.

Multiple shooting is often successful in solving nonlinear problems because it limits the “blowing up” of the equations. The
method starts by subdividing the integration interval by M nodes. For example, if the starting boundary point is at t, and the end
boundary point is at ¢, the new subdivisions will be at tolyseoostyyogs by Bypags o o bype s Bag, Where £y = 4 and &, = Iy (see
Fig. 5). Consider now the initial value problem given by the original equation

Y= 0.y =0uV 0y 27
and by the set of initial conditions:
y(t) = Sp, telty, te 1K= 1,2,... .M~ 1 (28)

Let the solution of this initial value problem be denoted by y (#x, Sg). Note that S is unknown. The original boundary value
problem can be recovered if a Sz vector is found such that it satisfies the following two sets of conditions:

(1) Continuity conditions. For each adjacent pair of intervals, the solution must agree at their common node, f,,. These
conditions can be written as:

FoSrSiay) = ¥ (tayiter S )= Spay =0 (K = 1,2,...,M-2) (29)

(2) Boundary conditions. At the ends of the interval the initial value problem must satisfy the boundary conditions of the
original boundary value problem. These boundary conditions can be written as

r (@), »(®)] =0 (30)

and therefore the equations are:
Fo 1 Sy ) =r8uy @ty 08, )1 =0 (31)

The continuity and boundary conditions result in the following set of N(M - 1) nonlinear equations
F (S, S,) S

F(S) = =0 ; s= |- (32)

Frr 2 Sarar Spy)

FM—I (Sl ! SM—I)

These equations can be solved iteratively by the Newton-Raphson method. What has been accomplished so far is that the original
problem has been broken down into a number of smaller interval problems. The advantage is that these smaller intervals “can be
made short enough so that the intergration will end before any instability takes over” (Refs. 9, 11).

Stoer and Bulirsch (Ref. 10) show by means of examples that . .. even for simple linear separated boundary-value problems
(difference) methods and variational methods are feasible . . . only if the solution need not be computed very accurately. For the
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treatment of nonlinear boundary-value problems for ordinary differential equations, the only feasible methods, effectively, are the
multiple shooting method and its modifications.”

The multiple shooting method used here is incorporated into a computer code available from IMSL.? This routine is called
DTPTB. The use of the Newton-Raphson method to solve (32) requires the computation of a Jacobian. In particular, the sub-
routine FCNJ (see Appendix A) computes aYI.'/a Y. Because the expressions for Y, are algebraically quite complicated, analytical
calculations of the derivatives are prone to error. The author was fortunate to have made available to him a new Fortran code,
PDGEN, a partial derivative generator.® The input code of PDGEN consists of arithmetic assignment statements which define the
functions to be differentiated. If the problem includes functions not in the PDGEN library, further defining statements must be
used. For example, in the present case the function Iv2.~ v};l appears very often. The ABS function is not built in in PDGEN;
therefore it is necessary to use

SGNFUN (U) = SIGN (1., U)
ABS' (Z) = SGNFUN (Z)

(The first line is needed because the code does not accept a definition of a derivative as a function of two or more arguments.)
PDGEN proceeds to break down the given function into temporary variables 7’1, 72, . . . and to give the results as

D@, j) = f(T1,T2,...)

There are some limitations on how many T statements can be generated; this was not found to be a serious impediment in the
present problem.

It turns out that even the multiple shootings method requires some help in ensuring its convergence. Again, the problem has to
do with initial choices: on how to choose the intermediate points 7, for the set of initial value problems (27-28). The IMSL
subroutine employs a parameterization process based on introducing into the problem a parameter a. This parameter is introduced
so that for a=a =0, the problem is relatively simple; usually this means a linear problem. The solution of the simpler problem
furnishes an adequate guess for the next initial value problem. For this new problem, a = o + ¢ where € is a “small” number
dependent on the number of iterations. The iterations procedure continues until & =1, at which point the original nonlinear

problem has been recovered.

In the present case, the following scheme was considered.* Let the system of equations be written as

in
Fy“=f;(Y) ’Y=Yi""’YN (33)

Consider a first approximation for this equation. Let this first approximation be based on expanding the right-hand side of (33)
into a Taylor series and retaining only the linear terms of the series. Then this first approximation can be written as:

ay®
1)

i ©)() - y(O)
B o), X0 - YOO, Y O) 34

y

2IMSL Inc. (International Mathematical and Statistical Library, 7500 Bellaire Blvd., Houston, TX 77036). A library reference manual, available to
IMSL subscribers, details the various subroutines used in the solution of two-point boundary value problems.

3The PDGEN code was designed and implemented by Dr. Webb Miller, UC Santa Barbara. The program has been implemented for JPL use by
K. Stewart, E. Ng and C. Lawson for the JPL Software Development Section.

4The author is indebted to F. Krosh for suggesting this scheme.
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where the superscript (0) denotes the “zeroth” value in a series of parameterizations. Using the parameter , this series can be
written as

dY("‘)

7 - -9 ["’f( )L (Y(a)(l’)-Y(a)(O))+ﬁ(Y(a)(0)):' taf,(Y®) (35)
0

af(a) _
3y "[ )aY‘ y] (36)

Note that when o =0, the first approximation (Eq. 34) is obtained, and when a = 1, the original nonlinear problem (Eq. 33) is
recovered. Therefore, for each 0 <« < 1, the code has a starting guess based on the previous .

where

lll. Analysis of Results for a Simplified Problem
A. Linear Case

Kays and London (Ref. 12) have introduced the concept of heat exchanger effectiveness. This is defined as the ratio between
the actual heat transferred and the theoretical maximum that could be transferred. The effectiveness is a function of the hot and
cold fluid capacity rates and of the “heat transfer size” of the exchanger. The heat transfer size is often labeled as the number of
heat transfer units (NTU) and is given by the formula

where U is the overall conductance and A is the same transfer area as used in the definition of U. C, ;, is the smaller of the hot
and cold capacity rates, i.e., of (1Cp)y,, and (MCp),,y respectively. For a counterflow heat exchanger such as the one
considered here:

Thot- - Thot C...
—f__lﬁ——f—_gﬂ if ChOt = Cmin _NTU(l - )

hoty, ~ “coldy, {-e Crnax

€= = o (37)
Tcold out Tcold n _ Comin i TU(I - Cmm )
o = if Coopg = Com 1 e max
1 cold C

Thotin - Tcoldm max

Therefore, the efficiency e can be readily determined from a knowledge of the temperatures at the entrance and exit of the
exchanger. Indeed, if the quantities describing the capacity rates and the heat transfer coefficient are approximated as constants
(i.e., not functions of temperature), only two equations are needed to solve for the efficiency; the two equations are the
temperature equations (7'1.5) and (T'1.6) Table 1.

Let
2
h 47TNDrD NDVD 3
= = Ngp * ——— + —(C, >0 38
€ PV, Cp (I-NDVD §Te 1-N,V, rD’( 120 (38)
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and

__ 3n R
= = Ny = ,(C, > 0) (39)

Pp¥p Crp7D 'p

2

where €, and C, are constants independent of temperatures. Therefore, in this case, the performance of the heat exchanger can
be analyzed by solving the much simpler boundary value problem:

T\ {6\ (% o
T, ¢, ¢,/ \1,

subject to the boundary conditions:

»y=0,T, =T,0)
(41
y=H, T, =T,(H)
Based on the eigenvalues
A =00 =C,-C
the solutions are:
T (0)-T,(H) c,-C
T = T,0)- ”C = (1 €2 l)y) (42)
¢ 2 (C,~CH
l1-—"e
¢
TO-T,(H) - C, (c.-c
Ty = T,(0)- —g—— .(1 e 1") (43)
2 (C,-C)H ¢,
1-——e
G
The physical meaning of the quantities C; and C, can be readily obtained by constructing the ratio C, /C1 . This ratio is:
C pvCp 1-N_ V¥V
—.CctC D D (44)

2
¢, pDVDCPb NpVp

and it represents the ratio between the heat capacities of the two streams. The magnitude of this ratio, Cco,d/Chot, can be less
than, equal to or greater than 1. Changes in this ratio about a value of 1 affect the curvature of T, and 7', variations with respect
to distance. This is illustrated in Fig. 6. When C, /Cl = ], the capacities are said to be “matched.” In this case the temperatures
form straight parallel lines with respect to distance; i.e., the difference 7', - T, is a constant.
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It was mentioned previously that C| and C, are assumed to be independent of temperature. For the cases analyzed here, the
physical properties of glass and air were evaluated at 1000 K. The performance of the heat exchanger does not change
significantly if the properties are evaluated at a different temperature. This is illustrated in Fig. 7, where the axial variations of
temperatures are plotted first for physical properties evaluated at 1000 K and then at 1600 K. Therefore, for the rest of the linear
analysis the physical properties are kept constant and evaluated at 1000 K (Ref. 13). Furthermore, in most standard heat
exchangers as well as in capacitive ones (Refs. 14, 15), the velocity ratio and the heat capacity ratio are both of order 1. For the
present linear analysis the following values were chosen as fixed:

v 2.0 m/sec

L9

2.25 m/sec v,

"
[t

0.27 cal/g, K cp, 0.30 cal/g, K

CPC

Under these conditions, the only change in the C /C1 ratio can occur due to a change in N, V,, only. This is illustrated in Fig. 8,
where Kk =N VD is platted vs C. /C From this flgure note the unique value ¥ = 1.6 * 10~%, which for the physical properties
chosen gives the matched capac1ty rates condition.

To determine the efficiency € of a heat exchanger, Eq, (37), the heat capacity ratio Cp = Cpin/Copax and the NTU must be
computed. For various values of «, this is illustrated in Fig. 9. As predicted from the previous figure, C, reaches a value of 1.0 at
¥ and then falls off for both increasing and decreasing x. The NTU can be computed as

h) 4nrt N
NTU = ()C—D (45)
min

The dependency of NTU on « is illustrated in Fig. 9 for two typical particle radii, r,, = 0.1 cm and r, = 0.2 cm. The shape of this
curve is due mainly to the changes in the convective film coefficient # with respect to «; for various ranges of k one can choose
from different correlations of the Nusselt number. (These correlations are given in Ref. 2). Given either CR and NTU or C, ;,,
Cax @nd the boundary temperatures, one can determine the efficiency of the heat exchanger as given in Eq. (37). The efficiency
as a function of « is plotted in Fig. 10. As expected, at k the value of the efficiency is the lowest, € = 0.79. On either side of k, the
efficiency rises rapidly, reaching 99% for k=>4 «10~% and x <2.- 10~5, It is instructive to compare the capacitive heat
exchanger efficiency with that of a conventional counterflow heat exchanger. One way to do this is to look at Fig. 11, which is
adapted from Ref. 12. From the previous two figures, for a capacitive heat exchanger at matched capacity rates, the efficiency
occurs at NTU = 1.5 and is 79%. From Fig. 11 one can see that it takes more than twice the number of NTUs (NTU = 4.0) for a
conventional heat exchanger to equal this efficiency at the same capacity rate ratio. Therefore, the linear case illustrates that

capacitive heat exchangers are more efficient than conventional ones.

B. Nonlinear Case

If the physical properties of the gas are strongly dependent on temperature, as they are in this case for the temperatures
considered, then it is more accurate to input these relationships into the respective temperature equation. In this case, the
appearance of a function of T, in Eqs. (38) and (39) creates a nonlinear boundary value problem that can be solved by using the
shooting method. In part:cular, the following formulations can be used for the gas

>
1

A, (1+B,T)

i

(4

4,( +BQT0)
(46)
K, = Ay (1+B,T)

Cp, = 4,(1+8,T)
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Some of these relationships are also incorporated in the correlation for 4, as given by Eq. (3). A great deal of simplification can
be obtained by keeping only the linear terms of the binomial expansion; i.e.,

(1+BT )" =1+mBT,

After some algebra, the following set of equations is obtained:

AT, | HETAET ) (s () o
=-f |20 - 47
. L+E,T, +ET <’D) (1-'<> Te 1) “7)
dar 1+ T +& T?
D _ 7% ¢ 8 ¢ _3_ _ .
dy 56[ [+g,T, ](rD)(TD ) (48)

with the same boundary conditions as before (Eq. 41). The results appear in Fig. 12. For this nonlinear case the efficiency is 98%
as compared to 92% for the linear case; this gives an indication of the increased accuracy of the nonlinear formulation.

IV. Conclusion

This report has illustrated by simple examples the nature of the performance of a capacitive heat exchanger. In particular, it
was shown that capacitive heat exchangers are more efficient than conventional ones from a thermodynamic point of view. It
also pointed out the important role played by the particle volumetric concentration parameter « in describing the performance of
a capacitive heat exchanger. Although the complete problem (Eqs. 5-13) was not attacked, a restricted case (Eqs. 47-48) has
shown that the shooting method is capable of obtaining accurate results for such complex, nonlinear boundary value problems.
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Definition of Symbols

cross-sectional area of the conduit

specific heat at constant pressure

specific heat at constant volume

drag coefficient

kinetic energy dissipation rate

internal energy

gravitational acceleration

maximum length (height) of the heat exchanger
convective heat transfer coefficient

conductive heat transfer coefficient

mass flow rate

number of particles per unit volume of mixture
pressure

energy sources per unit volume

heat per unit volume

gas constant

i

Suffixes

radius

temperature

time

volume

velocity

axial distance for the heat exchanger
heat transfer parameter

loading ratio, equal to A, v, /A v,
volume fraction occupied by particles

species density, equal to volume fraction times
material density

coefficient of viscosity
material density

stress tensor

pertains to continuous phase (gas)

pertains to dispersed phase (particles)




Table 1. Summary of equations and unknowns

Equation type Equation Unknowns
Continuity d _
(continuous phase) E [a —NDVD) 20 vc] =0 (T1.1) ND’ Lo Ve
Continuity d _
(dispersed phase) dy (pVpip) =0 (T1.2) Pp¥p
av
Momentum e _ 1 1= 2 2 =
(continuous phase) Ve a - AN V) 2 CaVnetNp ™D (T1.3) .Gy
'e ¢ D' D
2

Momentum dVD 3 Pr Vet ( p, )

X Vp—— == C,(1-N,V, )= ~g [1--% (T1.4) -

D
(dispersed phase) y 8 7d D' D, 5 ’p °p
Energy dr 4 wNDrf)
(continuous phase) Pe'Cp, ay thT -NVp Tp-T) (T1.3) Ty T, h ‘p,
ar

Energy D _ -3h _
(dispersed phase) pDVDcPD dy " (Tc TD) (T1.6) CPD
State o= pcR Tc (T1.7) -
Drag coefficient _
correlation Cq = fL Wg) (T1.8) be
Nusselt nr. -
correlation h=1,Wge (T1.9) -
Viscosity correlation = f3 (Tc) (T1.10) -
cpc correlation cpc = f4 (Tc) (T1.11) —
ch correlation ch = fs (TD) (T1.12) -
Density correlation pp = f6 (TD) (T1.13) —

139




140

Table 2. Dimensionless variables

o - Pe
Po ch
LR
CpD
k= e
¢ k (H)
» pc
o =
4 2, (0)
* —
pp =1
NYo= "p
D Np(H)
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Fig. 1. Geometry of a capacitive heat exchanger
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Fig. 2. Thermal conductivity coefficient vs temperature for
various gases
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Fig. 3. Viscosity coefficient vs temperature for various gases
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Fig. 4. General principles of the simple shooting method
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Fig. 5. Multiple shooting method
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Fig. 6. Variations of temperatures with distance
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Fig. 7. Effect of physical properties and axial temperature variations
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Fig. 11. e-NTU relationships for a counterflow heat exchanger
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Fig. 12. Axlal variations of temperatures in the nonlinear case




